Ribonuclease P (RNase P) catalyzes the metal-dependent 59 end maturation of precursor tRNAs (pre-tRNAs). In Bacteria, RNase P is composed of a catalytic RNA (PRNA) and a protein subunit (P protein) necessary for function in vivo. The P protein enhances pre-tRNA affinity, selectivity, and cleavage efficiency, as well as modulates the cation requirement for RNase P function. Bacterial P proteins share little sequence conservation although the protein structures are homologous. Here we combine site-directed mutagenesis, affinity measurements, and single turnover kinetics to demonstrate that two residues (R60 and R62) in the most highly conserved region of the P protein, the RNR motif (R60-R68 in Bacillus subtilis), stabilize PRNA complexes with both P protein (PRNAdP protein) and pre-tRNA (PRNAdP proteindpre-tRNA). Additionally, these data indicate that the RNR motif enhances a metal-stabilized conformational change in RNase P that accompanies substrate binding and is essential for efficient catalysis. Stabilization of this conformational change contributes to both the decreased metal requirement and the enhanced substrate recognition of the RNase P holoenzyme, illuminating the role of the most highly conserved region of P protein in the RNase P reaction pathway.
INTRODUCTION
The maturation of the 59 end of tRNAs is catalyzed by the metal-dependent ribonucleoprotein complex, ribonuclease P (RNase P). Bacterial RNase P is composed of a large (z400 nt) catalytic RNA (PRNA) and a single protein (P protein) subunit (Fig. 1A) . Although the RNA component alone is capable of catalyzing pre-tRNA cleavage in high salt in vitro, the protein is essential for catalytic activity in vivo (Hsieh et al. 2004; Evans et al. 2006; Gossringer et al. 2006; Smith et al. 2007) . In vitro studies indicate that the P protein subunit contributes to numerous facets of RNase P catalysis including substrate and metal affinity and cleavage efficiency (Reich et al. 1988; Crary et al. 1998; Kurz et al. 1998; Sun et al. 2006 ). For example, P protein enhances k cat /K m for Bacillus subtilis RNase P-catalyzed cleavage by 2000-fold and substrate affinity by 10 4 -fold (Kurz et al. 1998) , while the homologous protein subunit of Escherichia coli RNase P increases the cleavage rate constants for some noncanonical pre-tRNA substrates by >900-fold (Sun et al. 2006) . Both E. coli and B. subtilis proteins also decrease the concentration of divalent metal ions required for catalysis by RNase P (Gardiner et al. 1985; Kurz et al. 1998; Sun and Harris 2007) , perhaps by stabilizing an essential metaldependent conformational change (Hsieh et al. 2010) .
The kinetic mechanism for bacterial RNase P is presented in Scheme 1. In this mechanism, RNase P holoenzyme undergoes a two-step binding process in which substrate association (ES) is followed by a metal-stabilized conformational change (ES*) prior to substrate cleavage 3 (Hsieh and Fierke 2009; Hsieh et al. 2010 ). Substrate association is rapid and nearly diffusion-controlled (Hsieh and Fierke 2009) , and the cleavage of the 59 leader (L) is essentially irreversible. For wild-type RNase P, the conformational change step is slower than cleavage at high pH and saturating magnesium (Hsieh and Fierke 2009) . However, the cleavage rate constant is decreased by lowering the pH or substituting Ca(II) for Mg(II) (Smith et al. 1992) and becomes slower than the conformational change under these conditions (Scheme 1; Smith et al. 1992; Hsieh and Fierke 2009 ). The potential contribution of interactions between the P protein and PRNA to stabilizing this conformational change has not yet been elucidated.
The structures of several bacterial RNase P proteins have been solved by X-ray crystallography or NMR spectroscopy (Stams et al. 1998; Spitzfaden et al. 2000; Kazantsev et al. 2003) . These structures reveal that bacterial RNase P proteins share a fold and structure similar to that of the prototypical B. subtilis protein, with an overall abbbaba topology and two RNA binding regions (central cleft and RNR motif) ( Fig.  1 ; Stams et al. 1998; Spitzfaden et al. 2000; Kazantsev et al. 2003) . The central cleft is formed by the central b-sheet and an a-helix (Stams et al. 1998) . Time-resolved FRET (trFRET), affinity cleavage, cross-linking, structure variation, and crystallographic data provide evidence that the central cleft interacts with the 59 leader of pretRNA to enhance substrate recruitment and discrimination (Crary et al. 1998; Kurz et al. 1998; Rueda et al. 2005; Niranjanakumari et al. 2007; Koutmou et al. 2010; Reiter et al. 2010; Sun et al. 2010) . The second region of the protein identified as potentially important for RNA binding is the a-helix of an unusual left-handed bab crossover connection between parallel b-strands of the central cleft. The a-helix portion of this region is termed the RNR motif because the first three residues are ArgAsn-Arg (Fig. 1B) . Although bacterial RNase P proteins are required in vivo and are structurally homologous, they have strikingly little sequence similarity; only 14 residues exhibit >67% conservation (Jovanovic et al. 2002) . Six of these conserved residues are located in the RNR motif (R60, N61, R62, K64, R65, and R68), making it the most highly conserved region of bacterial P proteins ( Fig. 1D ; Jovanovic et al. 2002) .
Recently the first crystal structure of a bacterial RNase P holoenzyme (PRNA d P protein complex) was solved to z4 Å resolution in the presence and absence of tRNA and 59 leader ( Fig. 1A ; Reiter et al. 2010) . The overall architecture of the Thermotoga maritima RNase P holoenzyme structure is strikingly similar to previous low-resolution models of the B. subtilis and Bacillus stearothermophilus enzymes derived from biochemical data (Buck et al. 2005b; Niranjanakumari et al. 2007 ). In the crystal structure, the P protein contacts the catalytic domain of PRNA at the interface of helices P2/P3, one side of helix P15, and the conserved regions CR-IV and CR-V ( Fig. 1A,C ; Reiter et al. 2010 ). In the structure of the RNasePdtRNAdleader complex, the leader directly contacts the protein central cleft, consistent with cross-linking, time-resolved fluorescence resonance energy transfer, and binding studies of P protein-substrate interactions in B. subtilis and E. coli RNase P (Crary et al. 1998; Niranjanakumari et al. 1998b; Rueda et al. 2005; Sun et al. 2006; Koutmou et al. 2010) . Additionally, together with biochemical evidence the recent X-ray data indicate that the RNR motif of the P protein in the RNase P d pre-tRNA complex is positioned near helices P2-P4 of PRNA and both the 59 leader and 39 end of pre-tRNA (Niranjanakumari et al. 2007; Reiter et al. 2010) . (Reiter et al. 2010) . (Blue) PRNA; (red) P protein; (green) tRNA. (Yellow) The RNR motif is highlighted on the protein; (magenta ball) the 59 end of the mature tRNA. (B) Crystal structure of the T. maritima RNase P holoenzyme-tRNA complex (Reiter et al. 2010 ) with PRNA (dark blue), pre-tRNA (light blue), and P protein (red). The PRNA helices near the RNR motif that comprise the catalytic core of the enzyme are highlighted: P1 (bright green), P2 (purple), P4 (pink), CRV (cyan). The P protein RNR motif residues are displayed as sticks. K62 in the T. maritima corresponds to residue R62 in the B. subtilis holoenzyme. (C) Secondary structure diagram of the B. subtilis PRNA catalytic domain. (M) The general region where metals have been observed to bind in crystal structures of the PRNA (Kazantsev et al. 2009 ) and RNase P holoenzyme (Reiter et al. 2010) . (D) Crystal structure of the B. subtilis RNase P protein (Stams et al. 1998 ) is shown on the left in red with the RNR motif highlighted in yellow. The RNR motif is enlarged and the residues are color-coded according to their level of conservation (Jovanovic et al. 2002 ) (red, 100% conservation; blue, 75%-88% conservation; and black, <75% conservation).
The apparent proximity of the highly conserved RNR motif to functionally important regions of PRNA and pre-tRNA suggests that it may play an important role in RNase P catalysis. In vivo studies of E. coli RNase P with mutations in the RNR motif indicate that these mutations moderately affect catalysis of pre-tRNA Tyr cleavage, and severely disrupt the maturation of p4.5S RNA, a non-pretRNA substrate (Gopalan et al. 1997a) . Recent in vitro studies have shown that substitution of alanine for side chains in the B. subtilis RNR motif (R60-R65) decreases the affinity of RNase P for both pre-tRNA Asp and tRNA Asp . Furthermore, structure-probing studies suggest that interactions between the RNR motif and PRNA are important for stabilizing the formation of the holoenzyme for both E. coli and B. subtilis RNase P (Gopalan et al. 1997a,b; Stams et al. 1998; Niranjanakumari et al. 2007; Koutmou et al. 2010) . However, the mechanism by which the RNR motif enhances catalytic activity and substrate recognition remains unclear. To investigate the role of the RNR motif in B. subtilis RNase P function, we evaluated the effects of mutations in this region on holoenzyme stability, substrate affinity, and the kinetics of pre-tRNA binding and cleavage. These data demonstrate that two positively charged residues (R60 and R62) in the RNR motif stabilize the holoenzyme complex and enhance the affinity of RNase P for pre-tRNA Asp . Furthermore, interactions between PRNA and the side chain of R60 stabilize both the initial encounter complex formed after pre-tRNA association (ES) and the subsequent metal-stabilized active conformer (ES*), while the side chain of R62 specifically enhances the ES* complex (Scheme 1). Stabilization of this conformational change contributes to both the decreased metal requirement and the enhanced substrate recognition of the RNase P holoenzyme.
RESULTS
P protein residues R60 and R62 stabilize the formation of the B. subtilis holoenzyme
The formation and stability of the RNase P holoenzyme are vital to enzyme function in vivo. However, the precise proteindRNA interactions important for holoenzyme stability have not been evaluated. Interestingly, the RNase P protein is natively unfolded; the three-dimensional structure is stabilized by the addition of anions (Henkels et al. 2001) . Both the T. maritima holoenzyme X-ray structure and cross-linking and affinity cleavage data indicate that the highly conserved RNR motif of P protein is located near the PRNA catalytic core (Fig. 1A,B ; Buck et al. 2005b; Niranjanakumari et al. 2007; Reiter et al. 2010) . To assess the importance of the residues in the RNR motif for holoenzyme complex stability, the affinities of PRNA for the wild-type protein and the R60A, R62A, K64A, R65A, and R68C protein mutants were measured using a previously described magnetocapture binding assay with standardized buffer conditions that stabilize the folded structure of both the PRNA and P protein components (Table 1 ; Day-Storms et al. 2004) . Of the RNR motif residues evaluated, only the R60A and R62A protein mutations decrease the affinity of PRNA for P protein significantly (>20-fold) compared to wild type ( Fig. 2A ; Table 1 ). Therefore, the first two arginines in the RNR motif play an important role in stabilizing the RNase P holoenzyme complex.
RNR motif enhances the affinity of RNase P for pre-tRNA
The P protein subunit of B. subtilis RNase P enhances substrate affinity and discrimination; the RNase P holoenzyme has 10 4 -fold greater affinity for pre-tRNA than PRNA alone at comparable solution conditions (Crary et al. 1998; Kurz et al. 1998) . To determine if the RNR motif contributes to this enhanced affinity, we measured the pretRNA affinity (in 10 mM CaCl 2 ) of four RNase P mutants in which alanine replaces one of the amino acids in the RNR motif ( Fig. 2B ; Table 1 ). The cleavage reaction in calcium at pH 6.0 is sufficiently slow that substrate binding can be measured with minimal cleavage of pre-tRNA (Smith and Pace 1993; Kurz et al. 1998 ). Due to differences in the experimental methods, the buffer conditions used to measure pre-tRNA affinity are significantly different from those used to measure the affinity of PRNA for P protein.
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To demonstrate that the holoenzyme complex is stably formed under the conditions used for measuring pretRNA, we established that the value of K D,pre-tRNA is not dependent on the concentration of the P protein. For example, for the R60A mutant, the K D,pre-tRNA values are identical within experimental error when the PRNA-to-P protein ratio is varied from 1:1 to 1:10. The K D,pre-tRNA values indicate that the R65A and R68A P protein mutations decrease the pre-tRNA affinity of RNase P by less than threefold at saturating calcium, suggesting that these side chains provide little energetic contribution to substrate affinity and therefore likely do not interact directly with the substrate. In contrast, the R60A and R62A P protein mutations decrease the pre-tRNA affinity of RNase P by at least eightfold ( Fig. 3A ; Table 1 ). Since K D,pre-tRNA reflects a combination of thermodynamic constants for the first two steps in the kinetic mechanism (Scheme 1), these side chains in the RNR motif stabilize the formation of the enzymedsubstrate complex by enhancing the initial substrate association complex (ES), and/or the conformational change step following pre-tRNA association (ES*) (Scheme 1).
R60 contributes to pre-tRNA affinity in the initial ES complex
To examine whether the disruption of pre-tRNA affinity caused by the R60A and R62A mutations can be attributed primarily to effects on the stability of the initial enzymesubstrate complex (ES) or the new conformer formed Asp . RNase P-bound and free pre-tRNA Asp were separated using a gel filtration centrifuge column. RNase P was reconstituted with wild-type (triangles, solid line), R60A (squares, solid line), or R68A (circles, dotted line) P protein. The bound 32 Plabeled pre-tRNA Asp (#0.2 nM) was measured as a function of RNase P concentration in 50 mM MES, 50 mM Tris, 380 mM KCl, and 10 mM CaCl 2 (pH 6.0, 37°C). The values of K D,pre-tRNA , determined from a fit of a binding isotherm to these data, are listed in Table 1 . (B) Measurement of the effects of mutations on the stability of the initial RNase P d pre-tRNA (ES) complex. The affinity of wild-type (triangles, solid line), R60A (squares, solid line), and R62A (circles, dotted line) RNase P for pre-tRNA was measured as described in A except that the buffer contained 50 mM MES, 50 mM Tris, 200 mM KCl, 2 mM Co(NH 3 ) 6 (III), and 10 mM DTT (pH 6.0, 37°C). Under these conditions, the ES conformer predominates. The values of K 1 , determined from a fit of a binding isotherm to these data, are listed in Table 1. following substrate binding (ES*), we assessed the thermodynamics of the formation of the ES complex, K 1 (Scheme 1), for wild-type and mutant RNase P enzymes. Previous studies established that in the presence of 2 mM cobalt hexammine ½Co(NH 3 ) 6 (III) and no divalent cations, the RNase P holoenzyme properly folds and binds pre-tRNA in the ES conformation (Hsieh et al. 2010) . Divalent cations (i.e., calcium or magnesium) both stabilize the ES* conformer and activate catalysis (Hsieh et al. 2010) . Therefore, the pre-tRNA affinity in the ES complex (K 1 ) was measured from fluorescence titrations performed in the presence of Co(NH 3 ) 6 (III) without added divalent cations (Hsieh et al. 2010 ). Compared to wild-type RNase P, the R60A mutation raises the value of K 1 by sixfold ( Fig. 3B ; Table 1 ), suggesting that this side chain stabilizes the formation of the initial ES complex. Nevertheless, the sixfold stabilization of the ES complex does not fully account for the 20-fold decrease in pre-tRNA affinity observed in calcium buffer (Table 1) . Conversely, the R62A mutation has no effect on the value of the dissociation constant K 1 , indicating that the R62 side chain does not stabilize the ES complex. However, this mutation causes a ninefold decrease in the value of K D,pre-tRNA (Table 1) . The values of K 2 , the equilibrium constant for the conformational change, can be calculated from the values of K D,pre-tRNA and K 1 (Scheme 1B) as: 16 6 4 (wild-type), 9 6 2 (R60A), and 0.8 6 0.2 (R62A). Therefore, the side chains of R60 and R62 stabilize the formation of the ES* conformer relative to ES by #2-fold and 20-fold, respectively. Thus, while the side chain of R60 stabilizes both the ES and ES* complexes, the side chain of R62 specifically stabilizes the ES* complex.
To further analyze the role of the R62 side chain on the conformational change, the kinetics for formation of the ES* conformer were measured. In this experiment, RNase P is mixed with fluorescein-labeled pre-tRNA (Fl-pre-tRNA) at saturating calcium concentrations, and the formation of ES and ES* is observed from the time-dependent changes in fluorescence. The initial pseudo-first-order binding step is rapid (k obs1 z 2 sec À1 ), consistent with the value previously measured for the fluorescence transient upon mixing substrate with wild-type RNase P ½z1.8 sec À1 for 0.2 mM wildtype RNase P at 25°C and 10 mM Ca(II) ( Fig. 4A ; Hsieh and Fierke 2009). The measured rate constants for the conformational change (k 2 + k À2 ) in the RNase PdFl-pretRNA complex formed with the wild-type and R62A P protein are 2.9 6 0.6 sec À1 and 0.65 6 0.07 sec
À1
, respectively, in 20 mM Ca(II) at pH 6 and 37°C (Fig. 4A ). Using these data and the calculated value of K 2 , the rate constant for formation of ES* from ES (k 2 ) is estimated at 2.6 sec À1 and 0.2 sec À1 for wild-type and R62A P protein, respectively, while the reverse rate constant (k À2 z 0.3 sec À1 ) is virtually unchanged. Therefore, the side chain of R62, deleted in the R62A mutant, increases the rate constant for the formation of ES* from ES as well as stabilizes the ES* conformer.
RNR mutations do not alter the kinetics of pre-tRNA cleavage (k chem )
To evaluate whether the side chains of the RNR motif specifically stabilize the transition state for pre-tRNA cleavage (k chem ), we measured the single turnover rate constant for cleavage activated by calcium ions (Fig. 4B,C) . For wild-type RNase P, the observed rate constants for product formation in calcium (k obs,Ca ) under single turnover conditions exhibit a roughly log-linear dependence on pH (slope = 0.8 6 0.02), primarily reflecting the rate constant of the cleavage step (k chem ), because k chem (k obs < 2.9 3 10 À5 sec
) at pH 6 is less than the value of the conformational change rate constant under these conditions (Scheme 1 ; Fig. 4 ). The single turnover rate constants for pre-tRNA cleavage catalyzed by the R60A and R62A RNase P mutants measured in 10 mM calcium are comparable to the wild-type values at pH values 5-8 with a similar log-linear pH dependence (slope = 0.77 6 0.02 ½R60A and 0.90 6 0.01 ½R62A) (Fig. 4C) . These data indicate that the R60 and R62 side chains do not directly stabilize the transition state of the cleavage reaction catalyzed by RNase P.
RNR motif mutations alter RNase P-catalyzed cleavage in Mg(II)
The cleavage step (k chem ) catalyzed by wild-type RNase P is >10,000-fold faster in magnesium compared to calcium (Smith et al. 1992; Kurz et al. 1998) . In magnesium, the rate-limiting step for cleavage under single turnover conditions depends on the pH; the pH-dependent hydrolytic step is rate-limiting at low pH (<6), while the pHindependent conformational change step becomes ratelimiting at high pH (>8) (Hsieh and Fierke 2009) . To evaluate if the RNR motif alters the kinetics of the conformational change step in magnesium, the pH dependence of RNase P-catalyzed cleavage under single turnover conditions was measured for wild-type, R60A, and R62A RNase P in 10 mM MgCl 2 ( Fig. 5; Table 2 ). As previously observed, at low pH, the wild-type single turnover rate constant decreases linearly with the concentration of protons, consistent with rate-limiting cleavage; therefore, the value of k obs reflects k chem at saturating RNase P concentrations ( Fig. 5B ; Hsieh and Fierke 2009). At high pH, the value of k obs becomes independent of pH, and these data can be analyzed as an apparent ionization. However, this apparent pK a actually reflects a change in rate-limiting steps, and the value of the observed pK a of 6.6 6 0.05 reflects the pH at which the apparent rate constants for these two steps are equal (Hsieh and Fierke 2009) .
For the R60A and R62A mutations in RNase P, the single turnover rate constant at pH 5, where hydrolysis is the ratelimiting step, is comparable to that of the wild-type enzyme. These data confirm that the RNR motif of RNase P confers little specific stabilization of the hydrolytic transition state. However, these mutations decrease the value of the pHindependent rate constant measured at high pH by twofold to fivefold where the conformational change step (k 2 ) is ratelimiting, slightly smaller than the decrease in the rate constant for the conformational change measured in calcium. This decrease in the value of the rate constant for the conformational change (k 2 ) for R60A and R62A is also reflected in a decrease in the value of the observed pK a for single turnover cleavage; the pK a values measured for the reactions catalyzed by the R60A and R62A mutants are lowered by as much as 1 pH unit to 6.5 6 0.1 and 5.9 6 0.1, respectively ( Fig. 5B ; Table 2 ). Therefore, the side chains of R62 and R60, to a lesser extent, stabilize the ES* complex and enhance the kinetics of the formation of ES* in both Mg(II) and Ca(II).
DISCUSSION
RNase P proteins, although functionally and structurally homologous, share very little sequence conservation. A comparison of RNase P protein sequences revealed that only z10% of the amino acids in bacterial P proteins have conserved identities (Jovanovic et al. 2002) . Almost half of these residues (R60, N61, R62, K64, R65, R68 in B. subtilis) are found on a single a-helix termed the RNR motif (Fig. 1D) . Two of these positions, R60 and R65, are invariant FIGURE 5. Mutations in P protein affect RNase P-catalyzed cleavage of pre-tRNA in magnesium. (A) Time courses for single turnover cleavage of pre-tRNA Asp catalyzed by R60A RNase P at pH 6.0 (circles, dashed line) and pH 8.0 (diamonds, solid line) in 10 mM MgCl 2 and buffer. (B) pH dependence of single turnover rate constants catalyzed by wild-type (squares, solid line), R60A (triangles, dotted line), and R62A (circles, dashed line) RNase P in 10 mM MgCl 2 (pH 5-8) and buffer. The values of the pH-independent single turnover rate constant and observed pK a , determined from a fit of a single ionization to these data, are listed in Table 2 . The pH-independent rate constant and apparent pK a values are calculated from fitting an equation for a single ionization (Eq. 5) to the pH-dependent rate constants (Fig. 5B) .
in all bacterial RNase P proteins, and a third position, R68, is conserved >80% of the time. Mutation of the RNR motif disrupts RNase P function in vivo, yet the exact structural and functional roles of the RNR motif are not well understood (Gopalan et al. 1997a; Jovanovic et al. 2002) .
To identify the functional importance of these conserved residues, we investigated the contributions of RNR motif residues to the kinetics and thermodynamics of B. subtilis RNase P. These data demonstrate that the RNR motif stabilizes the PRNAdprotein and RNase Pdpre-tRNA complexes and influences a conformational change in the enzyme prior to catalysis.
RNR motif stabilizes holoenzyme formation and substrate affinity
Photo-cross-linker or affinity cleavage reagents covalently attached to P protein at residues in the RNR motif (R60, N61, R62, K64, R65, and R68) were previously reported to cleave or cross-link to the PRNA subunit, suggesting that the RNR motif might form a portion of the RNA-protein subunit interface (Niranjanakumari et al. 2007) . Structureprobing studies in B. subtilis also place R60 near (within 15 Å ) helix P4 (nucleotides 48-50) and R62 near helices P3 (nucleotide 43) and P19 (nucleotides 366 and 367), regions that are located in the catalytic domain. These biochemical data agree well with the recent crystal structure of the T. maritima RNase P holoenzyme, which reveals that six RNR motif residues (N61, R62, K64, R65, L66, R68 in B. subtilis numbering) contact PRNA residues in helices P2, P3, and conserved regions (CR) I, IV, and V ( Fig. 1A,C ; Reiter et al. 2010) . Although R60 does not directly contact PRNA in the crystal structure, it is still within 15 Å of the PRNA catalytic core, as suggested by structure-probing studies. Consistent with this, the side chains of R60 and R62 each stabilize the holoenzyme by z2 kcal/mol at moderate salt concentrations (Table 1 ). The holoenzyme crystal structure suggests that the effect of the R60A mutation on PRNA d protein complex stability, while significant, is indirect. The destabilization of the holoenzyme complex reconstituted with R60A P protein may result from alteration of the RNR motif helix structure that leads to a disruption in direct PRNA-P protein contacts with other RNR motif residues (e.g., N61, R62, K64, R65, L66, or R68). The R60A and R62A mutations also decrease the affinity of RNase P for pre-tRNA by 1.8 and 1.3 kcal/mol, 6 respectively, either via loss of a direct contact or by altering the structure of the RNase P d pre-tRNA complex, while mutations in other residues in the RNR motif decrease substrate affinity by <0.7 kcal/mol. While the effect of the R60A mutation on pre-tRNA affinity is comparable to previous data , the negligible twofold perturbation of pre-tRNA affinity by the R65A mutation in the presence of saturating 10 mM Ca(II) ( Table 1) is significantly smaller than the 14-fold decrease previously observed in subsaturating concentrations of Ca(II) ½2-3.5 mM Ca(II) . Since the value of K D,pre-tRNA is cooperatively dependent on the concentration of Ca(II) (n H z 5, K 1/2 = 4.5 mM) , this difference in affinity is likely explained by the R65A mutation altering the affinity or cooperativity for Ca(II) (Crary et al. 1998; Koutmou et al. 2010) .
The K D,pre-tRNA values measured in calcium reflect a combination of equilibria for the first two mechanistic steps shown in Scheme 1: pre-tRNA association with RNase P followed by a metal-stabilized conformational change. Previous kinetic and thermodynamic studies of RNase P in 2 mM Co(NH 3 ) 6 (III) demonstrated that the holoenzyme can form stably and bind substrate, but that the subsequent conformational change is not favored under these conditions (Scheme 1; Hsieh et al. 2010) . Affinity measurements in Co(NH 3 ) 6 (III) suggest that the main effect of the side chain of R60 on pre-tRNA affinity is to stabilize formation of the initial E d S complex relative to E and S, K 1 , by 1.1 kcal/ mol ( Fig. 3 ; Table 1 ) with modest additional stabilization of ES*. In contrast, the R62A mutation destabilizes the formation of the ES* conformer relative to ES by 1.8 kcal/ mol ( Table 1 ), indicating that the R62 side chain has more favorable interactions in the ES* relative to the ES complex.
Structure-probing studies indicate that side chains of both R60 and R62 are in close proximity to the cleavage site and/or the 59 leader of pre-tRNA in the RNase P d pre-tRNA complex (Buck et al. 2005b; Niranjanakumari et al. 2007) , suggesting the possibility of a direct contact with the substrate rather than an indirect effect caused by disrupting the structure of RNase P. The R60A mutation also decreases the affinity of mature tRNA , suggesting that this side chain makes a contact with the tRNA moiety in the initial ES complex that is maintained in the ES* complex. Consistent with this, the T. maritima RNase P holoenzyme d tRNA structure indicates that R60 directly contacts tRNA (Reiter et al. 2010) . Conversely, although R62 is located near the substrate, the crystal structure does not reveal any precise interactions between pre-tRNA and R62. There are two possible explanations for this observation: (1) The stabilization of pre-tRNA binding by R62 is indirect, either by disrupting P protein or PRNA structure; or (2) the holoenzyme d tRNA structure is not in the correct conformation for R62 d pre-tRNA contacts to be observed. A recent structural model derived from timeresolved FRET (trFRET) data of the P proteindsubstrate interactions in the ES and ES* complexes supports the latter observation, as these data suggest that the pre-tRNA 59 leader moves toward the R62 side chain in the ES* conformer (Hsieh et al. 2010) , consistent with the stabilization of ES* by this residue. In summary, the side chains of R60 and R62 in P protein stabilize both holoenzyme formation and the active conformer of the RNase PdpretRNA complex.
RNR motif enhances conformational kinetics
Single turnover measurements in calcium and in magnesium at low pH demonstrate that the side chains of R60 and R62 do not alter the observed cleavage rate constants ( Fig. 4C; Table 2 ) and therefore do not stabilize the cleavage reaction (k chem ) (Scheme 1). This is not unexpected given that PRNA retains catalytic activity in high concentrations of magnesium in the absence of the P protein (Guerrier-Takada et al. 1983 ). However, the R60A and R62A mutations decrease the values of the single turnover rate constants in magnesium at high pH by twofold to fivefold; under these conditions, the rate constant for the formation of ES* (k 2 ) becomes kinetically significant as the rate constant for cleavage is faster than the reverse conformational change (k 3 > k À2 ) ( Fig. 5B ; Table 2 ). The decreased rate constant for the conformational change in the RNR motif mutants leads to a lowering of the apparent pK a in magnesium, shifting the pK a by as much as a full pH unit. Furthermore, direct measurements of the rate constant for the conformational change in Ca(II) demonstrate that the R62 side chain enhances the rate of formation of the ES* complex by as much as 10-fold. All of the data are consistent with the side chain of R62, and R60 to a lesser extent, enhancing the rate constant for the conformational change that occurs after substrate binding and prior to cleavage in the RNase P d pretRNA complex. Therefore, interactions with these side chains must occur in the transition state for the conformational change and be maintained in the ES* complex.
The question remains: How does this portion of the P protein stabilize the conformational change in the RNase Pdpre-tRNA complex? Previous melting, binding, and folding studies of E. coli and B. subtilis RNase P suggest that bacterial proteins stabilize local PRNA structure (Buck et al. 2005a) . Footprinting studies of the E. coli and B. stearothermophilus PRNAs complexed with E. coli, B. stearothermophilus, or B. subtilis protein revealed that all three bacterial proteins protect the same PRNA region, including nucleotides in helices P3 and P4 (Buck et al. 2005b) . Consistent with this, affinity cleavage data indicate that the RNR motif is in close proximity to PRNA helices P2, P3, P4, and P19 (Niranjanakumari et al. 2007 ). Binding of P protein has also been shown to influence the conformation of E. coli and B. stearothermophilus PRNA in the regions flanking helix P4 (Buck et al. 2005a) . Furthermore, the ES-to-ES* conformational change is also stabilized by an inner-sphere, divalent cation that binds to ES* with high affinity (Hsieh et al. 2010) . Two metal ions associate with PRNA at helix P4 in the crystal structure of the T. maritima RNase P holoenzyme, and it is possible that one of these metals is the inner-sphere ion responsible for stabilizing the ES* conformer. R62 interacts with PRNA at helix P2 stem, where it connects to CR IV. This contact is near the site where the two metal ions are observed (Fig. 1C) . Potentially, a model could be envisioned in which the R62 side chain stabilizes the ES* conformer by stabilizing local PRNA structure required for metal association. Several examples of arginines stabilizing RNA conformation are available, including arginine residues in the human immunodeficiency virus (HIV) Tat and Rev proteins that stabilize conformations of HIV RNA Frankel 1992, 1994; Hermann and Patel 2000) .
Stabilization of the ES* complex by the RNR motif of P protein contributes to substrate affinity ( Fig. 2; Table 1 ). This interaction may also contribute to substrate recognition since the conformational change is proposed to act as a proofreading step to identify cognate substrates (Hsieh et al. 2010) . Thus, the work presented here reveals the discrete contributions of the RNR motif residues R60 and R62 in the RNase P function: to facilitate holoenzyme formation, enhance substrate binding, and stabilize the active conformer (ES*). In particular, the observation that the RNR motif stabilizes the active RNase P conformer provides an important rationalization for the requirement of this noncatalytic subunit in vivo.
MATERIALS AND METHODS

Preparation of RNA and protein
All RNAs were transcribed from linearized plasmid digested with a restriction enzyme as templates for in vitro transcription catalyzed by T7 RNA polymerase (Milligan and Uhlenbeck 1989; Beebe and Fierke 1994) . The B. subtilis P RNAs used in the magnetocapture assays and the B. subtilis pre-tRNA Asp containing a 5-nt leader (GACAU-tRNA) used in the kinetic assays were prepared using excess guanosine to form RNA transcripts containing a 59 hydroxyl that were subsequently labeled at the 59 terminus with 32 P-g-ATP (MP Life Technologies) catalyzed by T4 polynucleotide kinase (New England Biolabs) (Ziehler et al. 2000) . All RNAs were purified by electrophoresis on an 8%-12% polyacrylamide denaturing gel (Kurz et al. 1998) . RNA was eluted into 10 mM Tris, 1 mM EDTA, 0.1% sodium dodecyl sulfate (SDS), and 500 mM NaCl. Following elution, RNA was washed with >50 volumes of 10 mM Tris and 1 mM EDTA and stored at À20°C. Before use, P RNA and pre-tRNA were denatured by heating for 3 min at 95°C and then refolded for kinetic and thermodynamic assays by adding buffer (50 mM Tris, 50 mM MES, 200-380 mM KCl at pH 6.0), and divalent metal ions (i.e., 10 mM CaCl 2 or MgCl 2 ), to the RNA and incubating for >30 min at 37°C.
The wild-type B. subtilis P protein was expressed and purified as previously described (Niranjanakumari et al. 1998a; DayStorms et al. 2004) . Single alanine point mutations were made using megaprimer PCR amplification and were cloned into either pET28b or pET8c vectors (Novagen) (Niranjanakumari et al. 1998a (Niranjanakumari et al. , 2007 . The recombinant wild-type and mutant B. subtilis P proteins were expressed in BL21(DE3)pLysS E. coli containing plasmids encoding the variant P proteins grown at 37°C followed by induction by isopropylthio-b-D-galactopyranoside.
The protein was purified using CM-Sepharose chromatography, and the concentration was determined by absorbance at 280 nm (e 260 = 5120 M À1 cm À1 ) (Niranjanakumari et al. 1998a ).
PRNA-P protein K D,holo determination by magnetocapture assay
Trace concentrations of 59 32 P-end-labeled PRNA were denatured by heating for 3 min at 95°C and were refolded at 25°C in buffer containing 50 mM Tris (pH 8), 10 mM imidazole, 10 mM MgCl 2 , and 200 mM KCl. Holoenzyme complex was formed by incubating the radiolabeled P RNA with an excess of P protein (0.1 nM-2 mM) for 30 min at 25°C. Magnetic beads (10-20 mL) (QIAGEN) were added, and the solution was agitated for an hour; the PRNA d P protein complex binds to this resin, even without a His-tag on the protein subunit (Day-Storms et al. 2004 ). An external magnet was used to separate the magnetic beads from the bulk solution, and the bound PRNA was eluted from the beads by incubation in 100 mM EDTA, 2% (v/v) sodium dodecyl sulfate for 5 min at 95°C. The radioactivity in the supernatant (free RNA) and the eluate (bound RNA) was measured by Cerenkov scintillation counting. The fraction bound was determined by (½Protein d RNA/½RNA Total ) = (cpm eluate À cpm background )/ (cpm endpoint À cpm background ), where cpm background is the radioactivity bound in the absence of protein and cpm endpoint is that bound at saturating concentrations of protein (Kurz et al. 1998; Day-Storms et al. 2004) . Equation 1 was fit to the data using the Kaleidagraph (Synergy Software) curve-fitting program.
Measurement of K D,pre-tRNA for pre-tRNA Asp PRNA and pre-tRNA were folded as described above. After PRNA was folded, a 1.1-fold molar excess of P protein was added, and the solution was incubated for an additional 30 min at 37°C in 50 mM MES, 50 mM Tris, 380 mM KCl, and 10 mM CaCl 2 (pH 6.0). Control experiments with ratios of 1:5 and 1:10 PRNA to R60A and R62A P protein were performed, and the data changed less than twofold, demonstrating formation of the holoenzyme. To measure K D,pre-tRNA , a >10-fold excess of RNase P (0 to 900 nM) was incubated for 5 min with 32 P 59 end-labeled pre-tRNA Asp in the buffer described above at 37°C. The holoenzyme-substrate mixture was loaded onto a pre-packed G-75 Sephadex column, and the unbound substrate was separated from the RNase P-bound substrate via centrifugational gel filtration (Beebe and Fierke 1994; Crary et al. 1998) . The fraction of substrate bound (½ES + ½ES*/½S total ) was determined using scintillation counting. A standard binding isotherm was then fit to the data to calculate dissociation constants (Eq. 2).
½ES=½S total = 1=ð1 + K D ; pre-tRNA =½E total Þ: ð2Þ
Fl-pre-tRNA synthesis and labeling
Substrates containing a 59-monothiophosphate were prepared by in vitro transcription using T7 RNA polymerase in the presence of guanosine 59 monothiophosphate (GMPS) (4 mM ATP, CTP, UTP, and GMPS; 0.8 mM GTP; 0.1 mg/mL T7 RNA polymerase; 0.1 mg/mL linearized DNA template; 28 mM MgCl 2 ; 1 mM spermidine; 5 mM dithiothreitol; and 50 mM Tris-HCl at pH 8.0, incubated for 4 h at 37°C). Transcription reactions were terminated by addition of 30 mM EDTA, and the RNA was concentrated 10-fold and exchanged into TE buffer (10 mM TrisHCl at pH 7.0, 1 mM EDTA) by centrifugal filtration. A 10-fold molar excess of iodoacetamidofluorescein (5-IAF) dissolved in DMSO was added to the pre-tRNA solution and incubated overnight in the dark at 4°C, and the reaction was terminated by addition of 10 mM dithiothreitol or 2-mercaptoethanol. The Fl-pre-tRNA Asp was purified by denaturing gel electrophoresis (15% polyacrylamide, 8 M urea).
Fluorescence titration measurements of K 1
RNase P holoenzyme and pre-tRNA were folded as outlined above for K D,pre-tRNA measurements, except that cobalt hexammine is substituted for calcium in the buffer ½50 mM MES, 50 mM Tris, 400 mM KCl, 2 mM Co(NH 3 ) 6 (III). Fl-pre-tRNA (20 nM) was incubated in buffer in a fluorescence cuvette for 5 min at 37°C. Fluorescein was excited at 485 nm, and fluorescent emission was collected at 535 nm. RNase P holoenzyme (0-860 nM) was titrated into the fluorescence cuvette, and the changes in fluorescence were measured. A quadratic binding isotherm, Equation 3 (Rueda et al. 2005) , was fit to these data. The values measured under these conditions reflect K 1 in Scheme 1. 
Single turnover experiments
Experiments measuring single turnover cleavage were performed using excess holoenzyme concentrations (½E/½S ) 5; ½E = 0.4-2 mM; ½S # 0.1 nM) with radiolabeled pre-tRNA Asp at 37°C in either 10 mM CaCl 2 or MgCl 2 , 50 mM MES, 50 mM Tris, and z200 mM KCl (pH 5 to 8), with ionic strength maintained at 0.639 with KCl. All reactions were quenched with an equal volume of buffer containing 8 M urea, 100 mM EDTA, and 0.05% (w/v) each of xylene cyanol and bromophenol blue. The 59 leader product was separated from the pre-tRNA substrate on a 20% denaturing polyacrylamide urea gel. The gels were scanned using a PhosphorImager. All kinetic data were well-described by a single exponential (Eq. 4) (Beebe and Fierke 1994) . All time points <3 sec of incubation were measured on a KinTek quench-flow apparatus.
The pK a values in both magnesium and calcium were determined by plotting the single turnover rate constants (k obs ) as a function of pH and fitting the following equation to the data: 
